The damper cooling tube method
The DCT device consists of five basic functional units: a pouring system, a cooling system, a heating system, a stirring system and a second temperature adjusting system, as shown in Fig.1 (Xie et al, 2004) . The pouring system is designed to pour molten alloy at the predetermined temperature into a container, and need to keep stated height of molten alloy. The cooling system is a cooling tube and can effectively adjust the cooling rate of the molten alloy passing through the cooling tube and therefore it is convenient to adjust the velocity of nucleation as required. The stirring system is introduced to stir the molten alloy uniformly while it flows through the cooling tube. The heating system is to clear the alloy solidified in the inner wall of the cooling tube when the system appears some problems. The second temperature system is designed to adjust the temperature of the slurry from the cooling tube, which can accurately control the solid fraction of semi-solid slurry. Firstly, the molten alloy is poured into the container from the holding furnace and at the same time some protection gas is inlet the container so as to separate the molten alloy with high temperature from air and thus avoid the oxidation or inflammation of molten alloy. When the molten alloy (several degrees above the liquidus temperature) in the container is poured into the damper cooling tube, due to the cooling system around the tube outer wall, the copious fine nucleation of primary particles are produced and adhere to inner wall of the cooling tube. Crystal nucleuses grow up quickly and then are divorced from the tube wall into molten alloy because of the impact of molten alloy. The molten alloy is stirred by the stirring system and uniform semi-solid slurry is obtained. Finally, the slurry flow into the nether container and under gas protection the semi-solid slurry is adjusted to an expected solid fraction. It can be directly rheo-casted or rheo-formed into work pieces. Because the height (fall head) of the molten alloy in the container is a driving force to flow, the flow velocity of molten alloy passing through cooling tube is mainly dependent on the height of molten alloy. Therefore, the height of molten alloy in the container needs to be kept steady and it should be determined by experiment. So, in this chapter the semi-solid slurry preparation process by DCT method was simulated based on the FLOW3D software. Effects of the position of wedge block, the gap size between wedge block and the inner wall of cooling tube and height of wedge block on the slurry flow and stirring were investigated.
In addition, the processing parameters were optimized by numerical simulation, which provides theoretical guide for the preparation of semi-solid slurry by DCT method. 
Numerical simulation and experiment on DCT method

Mathematical modeling
Three-dimensional incompressible non-Newtonian flow with heat transfer was considered, which was described by the continuity equation, the Navier-Stokes equation and the energy equation. These equations were solved by the FLOW3D software for a steady-state solution. Due to the velocity fluctuation of flow field of DCT, the turbulent model of FLOW3D was selected in this paper. For momentum transport, the turbulent kinetic energy and its dissipation were employed (k -model). The k -double equation model introduces a turbulent dissipation ratio based on single equation model, which was firstly presented by Launder and Spalding in 1972 (Launder & Spalding, 1972 The dynamic viscosity used in the mass and momentum equations was the sum of molecular viscosity and turbulent viscosity. The viscosity of semi-solid material has drastically changed in the mushy state that the liquid phase and the globular solid phase coexist in the semi-solid forming region. The dependency of viscosity on shear rate must be recognized to establish the rheology model of semi-solid material. The viscosity decreases as shear rate increases in semi-solid region. The rheological model in FLOW3D is Carreau model as follows:
where is low shear rate viscosity (zero shear rate viscosity, g.s/cm), is the high shear rate viscosity (g.s/cm), is the time constant and n is the sensitivity exponent of material. If the exponent n is 1, this equation becomes Newtonian flow model.
Geometric model and initial parameters
Due to vertical (i.e. left-right) and horizontal (i.e. front-back) mid-plane symmetry, only a quarter of the DCT was modelled as the computation. The geometric model and mesh is shown in Fig.2 . The fall head is kept no variable, and the pressure of the inlet is kept a constant at initial condition. The AZ91D magnesium alloy was performed in this simulation, and its thermo-physical properties are presented in Table 2 . Table 2 . The thermal-physical properties for AZ91D magnesium alloy
Boundary conditions
There are four boundaries specified in this DCT model. One boundary is the inlet surface which the molten alloy is poured into the container. The molten alloy temperature is 880K above several degrees of the liquidus. The second boundary is the interface between the stationary wall of the container and the liquid alloy. The molten alloy temperature in the container is kept no variable, so the wall temperature of the container equal to the molten alloy temperature. The third boundary is the interface between the wall of the cooling tube and the molten alloy. The wall temperature of the cooling tube is room temperature 300K.
The fourth boundary is the outlet boundary in the bottom. Fig.3 shows that the distribution of temperature, dynamic viscosity, shearing rate, velocity and solid fraction when the wedge block located in the middle of the cooling tube. It was found when the molten alloy passed through the wedge block, its temperature decreased highly from 880K to 842K under the cooling process of the tube and the stirring of wedge block; its dynamic viscosity increased quickly from 0.24 to 8.66P; its shearing rate increased from 0 to 1840 s -1 ; the velocity of molten alloy increased from 1.29 to 12m/s; and the solid volume fraction increased from 0 to 5%. In addition, the fluid velocity near the outlet has a local variation because the tube wall cools continually, as shown in Fig.3 (d) . It can also be seen that the flow field distribution is nonuniform at outlet. After the molten alloy flow passes the wedge block, it is still cooled by the tube but have no stirring. That is the reason that solid fraction is non-uniform at outlet and the slurry is not uniform at outlet. Base on the above simulation results, we change the position of wedge block from middle to the outlet of the cooling tube while other parameters are the same. The simulation results are shown in Fig.4 , it can be seen that the distribution of temperature, dynamic viscosity, shearing rate, velocity and solid fraction is more uniform. The shearing rate is up to the biggest value about 1860s -1 at the gap. It shows that the wedge block has the perfect stirring in the process. The solid volume fraction of slurry is about 10% at outlet. The mixture of the semi-solid slurry is more homogeneous, which indicates that the wedge block plays good role in stirring the slurry. So, the wedge block should be located near outlet of the damper tube. It can be seen that the temperature distribution below the gap size is more uniform gradually with increasing the gap size from 2mm to 10mm. The molten alloy flow per unit time through the gap increases with increasing the gap size, so mean cooling intensity of the cooling tube to the molten alloy decreases, which leads to the uniform temperature distribution below the wedge block. In addition, with increasing the gap size, the temperature gradient at the inclined surface of wedge block clearly increases for the friction between the molten alloy and inclined surface of the wedge block. Fig.6 shows the dynamic viscosity distribution for different gap size from 2mm to 10mm. It can be seen that the dynamic viscosity in a local area at the cooling tube outlet is higher when the gap size is 2 and 4mm. When the gap size is greater than 8mm, the dynamic viscosity at the side surface of the cooling tube is higher than the center. Only when the gap size is 6mm, the dynamic viscosity below the gap size is more uniform. The variation of mean dynamic viscosity is shown in Fig.7 . It can be seen that with increasing the gap size, the mean dynamic viscosity first gradually increases and then decreases. When the gap size is 6mm, the dynamic viscosity is up to maximum about 9.86P. Fig.9 shows the distribution and variation of shearing rate in the cooling tube for different gap size. It can be seen that the gap size has great influence on the shearing rate distribution, too small or too large gap size will lead to lower shearing rate below the gap and almost close to zero. Only when the gap size ranges from 4 and 6mm, the shearing rate is higher about 1550s -1 , which indicates that the optimum gap size should be between 4mm and 6mm. The velocity distribution for different gap size is shown in Fig.10 . It can be seen that the local metal flow velocity below the gap in cooling tube is non-uniform when the gap size is too large and too small. When the gap size increases from 4 to 8mm, the metal flow velocity distribution is more uniform and little difference each other, about 1.18m/s. Fig.11 and Fig.12 shows the distribution and variation of solid fraction for different gap size. It can be seen that with increasing the gap size, the solid fraction distribution is more nonuniform, and the solid fraction gradually decreases, which indicates the gap size has great effect on the solid fraction. When the gap size is beyond 7mm, the solid fraction of the molten alloy in then cooling tube is close to zero as show in Fig.12 . So, the gap size must be less than 7mm. Because the fall head of the molten alloy in the container is the driving force of the flowing of molten alloy, the fall head is an important factor in the process, the effect of fall head is analyzed. The varieties of the temperature and shearing rate with fall head from 50mm to 700mm are shown in Fig.13 and Fig. 14. Fig.13 shows that the fall head have a little effect on the temperature distribution. Fig.14 shows that the shearing rate is non-uniform when the fall heat was below 300mm. But when the fall head is higher than 500mm, the distribution of shearing rate is uniform and has little change. So the fall head must be higher than 500mm to get the better stirring function. The temperature distribution at different height of wedge block from 60mm to 140mm (the fall head is 500mm) are shown in Fig.15 . It was shown that the height of wedge block has little effect on the temperature distribution. The temperature at outlet is about 855K. The temperature of the left tube wall is lower, about 845K. So, it can be concluded that the height of wedge block has little influence on the temperature distribution. 
Numerical simulation results and discussion
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Experimental research on DCT
The experimental device of DCT for preparing the semi-solid magnesium alloys slurry was designed and fabricated as shown in Fig. 14. According the numerical simulation results, the wedge block was set near the outlet of cooling tube; the height of wedge block was 100mm. The fall head was 300, 500 and 700 mm respectively. AZ91D magnesium was used in this experiment. The smelting device was an electric resistance furnace with controllable silicon power (20KW). Other relative devices contained a controllable silicon power, a set of thermo detector and recording instrument, a set of casting device, a group of stainless steel mould and ten groups of sand moulds. And the smelting process was protected using Argon gas. Detailed experimental condition was shown in Table 3 . The edge and centre microstructure of billets using the DCT device are shown in Fig.15 . It is shown that the microstructure is non-uniform when the fall head is 300mm in Fig.15 (a) . When the fall head is 500mm, the microstructure is better than the 300mm, but there are many big grains in the centre of the billets as shown in Fig.15 (b) . Fig.15 (c) shows that the
microstructure is more uniform and thinner when the fall head is 700mm. From the experiment it can be concluded that the height of wedge block should be located near outlet of the damper tube and it was not the main influence factor to the temperature distribution. The fall head must be higher than 500mm to get the better stirring function. The fall head must be higher than 500mm for getting better microstructure, which is in accord with the numerical simulation results.
Semi-solid continuous roll-casting processing
In semi-solid continuous roll-casting process of magnesium alloy, several processing parameters such as the solid fraction of semi-solid slurry, the heat transfer between rollers and molten alloy, the roll-casting speed, the position of solidification final point have great influence on the quality of final strips (Xie et al, 2005 (Xie et al, , 2007and 2008 Zhang et al, 2008) . So, in this section numerical simulation on semi-solid continuous roll-casting process of magnesium alloy using a two-dimensional incompressible non-Newtonian flow model was studied for getting the optimizing processing parameters. Based on the simulation results, semi-solid continuous roll-casting process experiment for AZ91D magnesium alloy were investigated.
Mathematical modeling
Governing equations
The continuity equation is:
The Navier-Stokes equation is:
The energy equation is:
where is the density, is the velocity of element i, is the displacement of element i, P is the pressure, is the Kronecker delta function, is the viscosity tension between element i and j, is the gravity acceleration of element i, c is the specific heat, T is the temperature, is the thermal conductivity coefficient and q(x) is the thermal source. These equations were solved by the FLOW3D software for a steady-state solution. In FLOW3D, the above equations are formulated with the Fractional Area/Volume Obstacle Representation (FAVOR) method. In addition, the non-Newtonian viscosity model is used by eq.(4).
Solidification latent heat
The solidification process of semi-solid continuous roll-casting processing is an unsteady state heat transfer process with phase transformation. Semi-solid slurry can release mass crystallization latent heat from solid-liquid mixing to pure solid phase. At present, there are many methods, such as temperature compensation method, effective specific heat method, heat content method, assumption heat flow method and so on, for dealing with the crystallization latent heat. The heat content method was used in this chapter, namely, the crystallization latent heat was defined as follow: (8) where, H is material heat content, is material density; C p is material specific heat capacity, which is the function of temperature T.
Geometry and parameters
Applying simple geometric mode was a good way to get some progress in study. So, some assumption condition was made before establishing the analysis model: 1) steady-state rollcasting process; 2) no relative slip between semi-solid slurry and semi-solid magnesium strips and rollers; 3) well contact between strips and rollers, thus ignoring thermal resistance between them. In semi-solid continuous roll-casting process, the molten pool was enclosed by two water cooling rollers and side plate. The width of water slot was nearly equal to the roller width and thermal insulation device and heated side plate was used, so the edge effect of casting strips can be ignored. The two-dimensional geometric model and mesh was built after simplifying the semi-solid continuous roll-casting process as shown in Fig.16 . The detailed calculation parameters in numerical simulation were shown in Table 4 . 
Boundary condition
The governing equations must satisfy every surface's boundary condition in calculation zone, which mainly contains velocity and thermal boundary condition. The boundary condition descriptions in this study are as follows:
where V x is the node velocity at x direction in the inlet position of molten pools, V y is the node velocity at y direction in the inlet position of molten pools, V in is the velocity of molten alloy in the let position, T 0 is the casting temperature. The contact surface between molten alloy and roller: In continuous roll-casting process, the viscosity force near the roller surface zone plays important role in transportation, so the velocity of element nodes contacted with the roller surface is defined as the linear velocity of roller, namely, the element node velocity is:
where, V is the linear velocity of rollers surface, is the angle from the line between node and axis line of rollers to x-z plate.
Numerical simulation results and analysis
At beginning continuous roll-casting process the inlet velocity of slurry V 0 is 0.05m/min; the roll gap is 4mm; pool depth h is 20mm; the roll-casting velocity is 1m/min. The AZ91D semisolid slurry firstly was poured into the right molten pool in the simulation, at this time, the effect of rollers temperature was ignored. When the flow field of roll-casting zone was up to steady state, the boundary condition of roller temperature was set, thus, the semi-solid slurry started to solidify under the rollers cooling. Lastly, the distribution of temperature and solid fraction at continuous casting zone was obtained.
The distribution of temperature and solid fraction at roll-casting zone
Based on the experience and experiment, the solid fraction of initial semi-solid slurry has been selected 10~20% in CRP. It is known that the solid fraction of semi-solid slurry corresponding to the temperature, thus the temperature of semi-solid slurry has been selected from 840 K to 860 K. In this study, the inlet temperature of molten alloys T 0 is 855 K. Fig.17 shows the changing of the temperature and solid fraction at roll-casting zone, when the rollers cooling time is 0.5, 1.0, 1.5, 2.0, 2.5s, respectively. When the cooling time was 0.5s, the temperature of molten alloy near the rollers dropped down about 800K rapidly due to the high temperature difference between the molten alloy and the water cooled rollers. Here, the solid fraction of the molten alloy at the rollers surface increased by 70%, but no solidification layer. As shown in Fig.17 when the cooling time was 1.0s, the temperature of molten alloy near the rollers continuously down to about 742K, and the solid fraction also increased. At this time the thin solidified layer formed at rollers surface contacted with the molten alloy, and the thickness of the solidified layer was about 0.2mm at minimum roll gap. When the cooling time was 1.5s, the temperature of molten alloy decreased about 700K and the thickness of solidified layer was about 0.5mm. The solidified layers, however, were not jointed together due to the roll gap was 4mm. So, the thickness must be up to 2mm, two solidified layers can contact and press together. With the decreasing the temperature of molten alloy, the thickness of solidified layers increased and the two layers had contacted each other when the cooling time was 2.0s. When the cooling time was 2.5s, the temperature of molten alloy near rollers surface had decreased into about 650K as shown in Fig.10 , the thickness of solidified layer had grown to more than 2 mm at the roll tip where two solidified layers contacted and welded together. From the solid fraction distribution, it was observed that the solidified layers welded to each other about 5 mm at the right of the roll tip which was the position of solidification final point. Therefore, the solidification in the roll gap was completed and ready for the following rolling operation. At this moment the solidified strip was withdrawn from the roll tip and had been rolled. According to the numerical simulation results, the roll-casting speed must be controlled strictly and the contact time between the rollers and strips must exceed 2.5s. It means that only when the roll-casting speed is lower than 1m/min, the roll-casting strip can be solidification at roll gap and CRP can be finished successfully. study, the temperature and solid volume fraction is assumed to be linear. Fig.18 shows the relation between the pouring temperature and solid fraction of semi-solid AZ91D alloy. 19 shows the distribution of temperature and solid fraction in molten pool at different pouring temperature 820, 830, 840, 850K, respectively. It is shown that when the pouring temperature is 820K, the position of solidification final point is near the right side for lower pouring temperature, and the length of rolling zone is about 21mm, which cause higher rollcasting load and is not benefit to CRP process. With increasing the pouring temperature, the length of rolling zone decreases continuously, the solidification final point move towards to the outlet of strips. As T 0 is 850K, the length of rolling zone is about 3mm. It can be conclude that the pouring temperature has great influence on the temperature and solid fraction in molten pool and the solidification final point. With increasing the pouring temperature, the length of rolling zone decreases. Also the pouring temperature can affect the flow filed in molten pool. Lower pouring temperature increases the viscosity of slurry, which leads to bad flowing ability. In addition, lower pouring temperature easily results in higher roll-casting load. However, higher temperature makes short position of rolling zone, which leads to breaking of CRP for incompletely solidification of strips.
Effect of roll-casting velocity on the CRP processing
Roll-casting velocity plays important role in the CRP processing, rational velocity can keep the CRP stability. Higher roll-casting velocity will lead to insufficient solidification of molten alloy; Lower roll-casting velocity will lead to longer standing time of the molten alloy in roll-casting zone for excessive cooling, which makes the molten alloy solidify at casting lip and breaks the semi-solid continuous roll-casting process. In this part, different roll-casting velocities 0.6, 0.8, 1.0, 1.2 m/min, respectively were studied when the depth of molten pool was 20mm, pouring temperature T 0 was 855K. Fig.20 shows the distribution of temperature and solid fraction at different roll-casting velocities. It is shown that when the velocity V is 0.6m/min, the solidification final point is far from the outlet of strips, the length of rolling zone is about 17mm.With increasing the rollcasting velocity, the length of rolling zone decreases gradually. When the velocity is 1.2mm/s, the length of rolling zone is only about 1mm. So, in practical roll-casting process, the proper velocity should be chosen according the specific condition, in order to guarantee the quality of strips.
Experimental researches on the semi-solid CRP of magnesium alloy
Semi-solid continuous roll-casting device was designed with the combination of semi-solid metal processing and horizontal double roll-casting technology. The CRP experiment of AZ91D and AZ31B (Zhang et al, 2007) was investigated for verifying the numerical simulation model and results of CRP. In addition, the further processability of semi-solid AZ91D and AZ31B strips by hot rolling, cold rolling and punching experiment was studied.
Experimental procedures
AZ91D and AZ31B alloy were melted in electrical resistance furnace, and modified at 1013K. Molten alloy was stirred below 868K in the range of between liquid and solid phase, semisolid metal slurry was obtained, and then poured into the roll-casting machine. Fig.21 shows experimental equipment of the horizontal double roll-casting. Liquidus and solidus temperature of AZ91D alloy is 868K and 743K respectively. Chemical composition of AZ91D and AZ31B alloy are shown in Table 5 . Table 5 . Chemical composition of AZ91D and AZ31B magnesium alloy (wt%)
Experimental results and discussion
One sample of before roll-casting and other sample of after roll-casting have been taken respectively. All samples were polished and etched by 5% hydrochloric acid reagent. And then its microstructure has been analyzed by the method of metallographic analysis, the microstructure compare of pre and pro roll-casting strip are shown in Fig.22 . Here, the temperature of semi-solid metal slurry is 842K, 838K, 833K respectively, the stirring speed is 516rpm/min and stirring time is 5 min. It can be seen that there is obvious diversity in the microstructure of before and after roll-casting strips, the microstructure of before rollcasting is clear polygonal primary crystal, but the microstructure of after roll-casting is globular and closely resembles globular crystal; and the roll-casting temperature has little influence on the final structure. So, higher semi-solid slurry temperature can be adopted in practical production, which is of great benefit to the distributary of the molten alloy.
(a) Before roll-casting (b) After roll-casting The semi-solid magnesium roll-casting strips were obtained when the roll-casting temperature is 842K, stirring velocity is 516rpm/min and stirring time is 5 min. Fig.23 shows the microstructure of top surface, inner and bottom surface of the thick strips. It can be seen that surface microstructure is fine equiaxed grain for quickly cooling of rollers surface and the grain size of the surface is smaller than it of the inner. When the height of roll gap decreases and other processing parameters are invariable, the difference of primary solid particles in inner and surface also decreases. However, when the height of roll gap increases the difference of primary solid particles in inner and surface also increases. 
Processing property test of semi-solid strips
In order to examine the processing property of semi-solid AZ91D magnesium strips by CRP, hot-rolling and cold-rolling experiments were carried out respectively. The semi-solid rollcasting strips were tested under hot-rolling and cold-rolling, and the results were shown in Table 6 . It can be seen that semi-solid roll-casting AZ91D strips have significant plasticity. The largest deformation of AZ91D strips is by cold rolling can reach as high as 18% and by hot rolling can reach 21% with one-pass roller. In addition, the total deformation of cold rolling and hot rolling can be up to 28% and 47% respectively with three-pass. The largest deformation of AZ31 strips can reach as high as 57% after two-pass. The samples are shown in Fig.24 . It can be seen that the surface and edges of the samples are well and only little crack in the edges. 
Punching process test of strips
The punching experiment was made for further examining the forming property of the semi-solid strips after hot rolling as shown in Fig.26 . The testing results indicate that the AZ31B strips through further hot rolling still have better forming property. 
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Conclusion
Semi-solid magnesium alloys slurry preparation by DCT method and continuous rollcasting process were studied based on numerical simulation and experiment in this chapter.
The main research results are as follow: 1. The position of wedge block, gap size, fall head and the height of wedge block have great influence on the molten alloy flow in damper cooling tube based on the numerical simulation. 2. The position of wedge block has great effect on the cooling tube, when the wedge block is located at the outlet of tube, the mixture of the semi-solid slurry is more homogeneous; gap size plays important role in the cooling and stirring ability of tube and the optimum gap size is 4-6mm for getting better stirring and cooling; the height of fall head must be higher than 500mm and the wedge block height should be less than 100mm. 3. The AZ91D magnesium alloy billets with thin and homogeneous microstructure prepared by the DCT method were obtained when the fall head is 700mm, which indicates that the numerical simulation results is accorded with the experimental results and the DCT method is an effective way for preparing the semi-solid slurry. 4. Numerical simulation of semi-solid magnesium roll-casting process was studied using FLOW3D. It was found that the pouring temperature has great influence on the temperature and solid fraction in molten pool and the final point of solidification. With decreasing the pouring temperature, the length of rolling zone and roll-casting load increase. So, the proper velocity should be chosen according the specific condition, in order to guarantee the quality of strips. 5. The semi-solid AZ91D roll-casting strips were obtained by horizontal double rollers roll-casting device. The microstructure of before roll-casting is clear polygonal primary crystal, but the after roll-casting is globular and closely resembles globular crystal. And the strips had good processability and plasticity. 6. The largest deformation of AZ91D strips is by cold rolling can reach as high as 18% and by hot rolling can reach 21% with one-pass roller. In addition, the total deformation of cold rolling and hot rolling can be up to 28% and 47% respectively. The largest deformation of AZ31 strips by hot rolling can reach as high as 57%
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